Twenty strains (including eight phase variant pairs) of nematode-symbiotic and insect-pathogenic Photorhabdus bacteria were examined for the production of proteolytic enzymes by using a combination of several methods, including gelatin liquefaction, zymography coupled to native and sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and activity measurement with two chromogen substrate types. Four protease activities (ϳ74, ϳ55, ϳ54, and ϳ37 kDa) could be separated. The N-terminal sequences of three of the proteases were determined, and a comparison with sequences in databases allowed identification of these proteases as HEXXH metallopeptidases. Thus, the 74-kDa protease ( -D) is a nonmetalloenzyme. PrtA and Php-C were zymographically detected, and they occurred in several smaller forms as well. OpdA could not be detected by zymography. PrtA, Php-C, and Php-D were secreted proteases; OpdA, in contrast, was an intracellular enzyme. OpdA activity was found in every strain tested, while Php-D was detected only in the Brecon/1 strain. There was significant strain variation in the secretion of PrtA and Php-C activities, but reduced activity or a lack of activity was not specific to secondary-phase variants. The presence of PrtA, OpdA, and Php-C activities could be detected in the hemolymph of Galleria melonella larvae 20 to 40 h postinfection. These proteases appear not to be directly involved in the pathogenicity of Photorhabdus, since strains or phase variants lacking any of these proteases do not show reduced virulence when they are injected into G. melonella larvae.
Secreted microbial enzymes may function as virulence factors that are essential for survival and spread in the host through, e.g., neutralization of the host's defense system and ensuing tissue invasion. However, the roles of only few of these enzymes in the strategies of pathogens have been documented. For example, inhibitor A of Bacillus thuringiensis and the proteases of Serratia marcescens specifically cleave insect immune proteins, cecropins, and attacins (11, 15) , and the zinc metalloproteases of Bacteroides fragilis and Clostridium spp. have direct toxin activity (19, 21, 27) .
Two gram-negative entomopathogenic genera in the family Enterobacteriaceae, Photorhabdus and Xenorhabdus (4, 14, 26) , which are known to be symbiotic partners of the insect-pathogenic nematodes Heterorhabditis and Steinernema, respectively, have been intensively studied in order to understand the molecular basis of symbiosis and insect toxicity and to improve the use of these symbiotic complexes against insect pests. With the exception of a dominant protease activity, no secreted enzyme of these microorganisms has been isolated so far. Although a Xenorhabdus nematophila protease was recently found to destroy antibacterial activity in insect hemolymph (7) , the secreted enzymes of these microorganisms are generally assumed to have a role only in the decomposition of the insect cadaver.
In the early studies of enzyme secretion by Photorhabdus and Xenorhabdus strains, protease activity was assayed by nonspecific and relatively insensitive methods, which were based on substrate protein (e.g., gelatin) hydrolysis around colonies on agar plates. Later, the hydrolysis of stained proteins (azocoll, azocasein, Hide Powder Azure) as nonselective protease substrates was used for quantitative assays, and gelatin zymography was employed for sensitive detection of proteolytic activity following sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis of proteins. Both one-and two-dimensional PAGE revealed one strong proteolytic activity, which occurred in various molecular sizes in the 55-to 61-kDa range (5, 10, 23, 25) . The enzymes isolated from some primary-phase Photorhabdus strains (Photorhabdus luminescens subsp. luminescens Hm, P. luminescens subsp. laumondii HP88, and Photorhabdus temperata subsp. temperata K122) and X. nematophila proved to be alkaline metalloproteases (5) (6) (7) 32) . The gene for the protease in P. luminescens W14 was found to encode an enzyme that belongs to the RTX (repeatsin-toxin) family and was designated PrtA after a similar protease in Erwinia chrysanthemi (6, 13) .
Photorhabdus and Xenorhabdus strains may occur in two phase variant forms. Primary or natural forms are capable of establishing symbiosis with the nematode and are exclusively retained by the infective juvenile nematodes from a mixed bacterial population, while secondary forms occur with different frequencies in laboratory cultures and insect cadavers (2, 16) . Comparative studies of the hydrolysis of various proteolytic substrates with a number of phase variant pairs generated the view that a reduced or missing activity is one of the features of secondary-phase variants (16, 17) , although the data are rather contradictory. For 18 Xenorhabdus strains, the missing or reduced proteolytic activity was specific in only 10 of the secondary-phase variants (3) . At the same time, of the four secondary-phase Photorhabdus strains (Hm, HP88, W14, and K122) that have been tested so far for protease production, only strain Hm was not found to secrete protease activity (1) . Later, however, this strain and the other three secondaryphase variants were reported to produce at least some proteolytic activity (6, 23, 32) .
A 60-kDa serine protease from X. nematophila has recently been shown to have an immune suppression effect (7) . However, in the case of Photorhabdus strains the available data are insufficient to answer whether the secreted proteases might have a role other than bioconversion (e.g., a role in the establishment of infection) for the following reasons. (i) The number of secreted proteases is not known yet. The very similar properties of proteases detected and isolated from different Photorhabdus strains (5, 6, 10, 23, 25) indicate that these enzymes are probably the orthologs of each other and the enzyme PrtA, which was cloned from the W14 and K122 strains (6) . However, it is very unlikely that a pathogenic microorganism secretes only one protease. Indeed, the genomes of the TT01 and W14 strains contain numerous sequences that could be identified as protease-or peptidase-encoding genes (12, 13) . The fact that only one proteolytic enzyme has been identified might be due to the low sensitivity of detection, to the use of nonspecific substrates, and to the treatment of samples during preparation and analysis. Thus, proteases which are sensitive to SDS or cannot cleave casein or gelatin, the substrates that are most frequently used in zymography, might have escaped detection. (ii) In most of the cases the reported protease activities were detected in and purified from 5-to 30-day-old cultures, a time obviously too late to be significant in the establishment of infection.
The aim of this study was to explore protease production by Photorhabdus through a comparison of 20 strains (including eight phase variant pairs) by a combination of various detection techniques. We focused on the proteases that could be detected in the first 48 h of culture and infection and could, therefore, have a role in virulence.
MATERIALS AND METHODS
Strains and cell culturing. The identities, taxonomic positions, and origins of strains used in this study are summarized in Table 1 . The strains were obtained from the entomopathogenic nematode-bacterium strain collection maintained at the Department of Genetics, Eötvös Loránd University, Budapest, Hungary. Single colonies were used as the starting material, which was grown on LuriaBertani (LB) medium plates for 48 h at 28°C and replica tested on NBTA plates (nutrient agar supplemented with 25 mg of bromothymol blue per liter and 40 mg of triphenyl-2,3,5-tetrazolium chloride per liter) to confirm the phase variation status. Liquid cultures were grown in LB medium without antibiotics at 30°C in a rotary shaker.
Infection experiments and hemolymph sample preparation. Serial dilutions of overnight Photorhabdus cultures (Brecon/1, K122/1, K122/2, Hm/1, Hm/2, NC1/1, and NC1/2) were prepared with sterile phosphate-buffered saline (PBS) (137.9 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) to obtain 30 to 60 cells in 5.0 l. The actual numbers of cells were estimated from the number of colonies after plating 50-l portions of the final dilutions onto LB agar plates. Five microliters of each final cell dilution was injected into 10 fifth-instar larvae of Galleria mellonella (greater wax moth, Lepidoptera), and the larvae were kept at 25°C. Death was checked hourly by observing reflexive movement upon prodding of the head, and the time of death was recorded. The experiment was performed with three replicates. For detection of proteolytic activity in the hemolymph, 50 to 100 Brecon/1 cells were injected into larvae. Hemolymph samples were taken at various times postinjection (see below) from a leg and diluted immediately 10-fold with icecold PBS that contained 0.25 g of phenylthiourea per ml. Then the cellular fraction was sedimented by centrifugation in an Eppendorf centrifuge at 16,000 ϫ g for 20 min, and the supernatants were used for experiments.
Preparation of Galleria homogenates, culture supernatants, and bacterial cell lysates. G. mellonella homogenates were prepared 20 and 40 h postinjection, as well as from healthy, uninfected larvae, by homogenizing chilled larvae (ϳ0.1 g each) in 1.0 ml of PBS that contained 0.25 g of phenylthiourea per ml. The homogenates were centrifuged in an Eppendorf centrifuge at 16,000 ϫ g for 20 min, and the supernatants were used for zymographic analysis of enzyme activity.
Culture supernatants and cell lysates were prepared from 1.0-ml cell suspensions. The cells were sedimented by centrifugation at 16,000 ϫ g for 5 min. To prepare cell lysate, the cellular pellet was washed twice in 1.5 ml of LB medium and resuspended in 200 l of 0.1 M Tris buffer (pH 8.0) containing 20% sucrose. After incubation on ice for 10 min, the suspension was centrifuged as described above, the supernatant was discarded, and the cells were resuspended in 1 ml of distilled water. Enzyme activity was analyzed after the cells were allowed to lyse on ice for 2 h.
Gelatin hydrolysis assay on plates. For the gelatin hydrolysis assay on plates as described by Frazier (18) , gelatin nutrient agar plates (12 g of gelatin per liter in nutrient agar) were spot inoculated with 1.0-l cell suspensions from 24-h cultures (four spots for each strain). After 2 days of incubation at 28°C, the plates were flooded with 5.0 ml of mercuric chloride reagent (12 g of HgCl 2 dissolved in 96 ml of a 2.0 M HCl solution), which revealed gelatin hydrolysis as clear, no-precipitation zones around the colonies. The areas of the clear zones (total area minus colony area) were determined densitometrically with the Molecular Analyst software (Bio-Rad).
Gel electrophoresis and zymography. For native gel electrophoresis, 10% acrylamide-0.26% bisacrylamide gels were made in 0.38 M Tris-HCl buffer (pH 8.8). Gelatin (Bloom 300; Sigma) was copolymerized in the gels at final concentration of 0.025%. Before loading, 5.0 l of cell culture supernatant, 2.0 l of 10-fold-diluted hemolymph, or 2.0 l of G. mellonella body homogenate (see above) was mixed with 2ϫ loading buffer (1.14 M Tris-HCl [pH 8.8], 0.01% bromophenol blue, 20% glycerol) at a 2:1 ratio. Electrophoresis of native gels was continued after the dye front reached the bottom of the gel for an additional 90 min. SDS gel electrophoresis was performed by using a 10% acrylamide-0.26% bisacrylamide separation gel containing 0.025% copolymerized casein (Sigma). Samples were prepared by mixing 10 l of culture supernatant or 5.0 l of 10-fold-diluted hemolymph or body homogenate (see above) with 2ϫ loading buffer (3% SDS, 0.16 M Tris-HCl [pH 6.8], 20% glycerol, 0.01% bromophenol blue; nonreducing conditions) at a 2:1 ratio. After electrophoresis, the gels were soaked in two to four changes of 100 ml of a buffer solution containing 50 mM Tris-HCl (pH 8.0), 10 mM CaCl 2 , and 0.1 M NaCl in order to develop the proteolytic bands. Native gels were incubated in two changes of the solution, the first for 20 min and the second for 60 min. SDS gels were incubated in four changes, the first three for 20 min each and the last one for 120 min. The proteolytic bands were visualized by Coomassie blue R250 staining. When zymography was performed in the presence of EDTA, the EDTA concentration was 5.0 mM during sample treatment and incubation of gels.
Enzyme activity measurement. The enzyme activities in the culture supernatant and hemolymph samples (see above) were measured at 30°C in 1.0-ml (final volume) mixtures containing 50 mM Tris-HCl (pH 7.0), 10 mM CaCl 2 , and 0.1 M NaCl (assay buffer). The final substrate concentrations were 50 M for the 2-furylacryloyl (Fua)-blocked, photometric substrates Fua-Leu-Gly-Pro-Ala (Fua-LGPA) (BACHEM) and Fua-Ala-Leu-Val-Tyr (Fua-ALVY) (20) and 10 and 50 M for the thiobenzyl ester, photometric substrates succinyl-Ala-AlaPro-Phe-thiobenzyl and Z-Lys-thiobenzyl, respectively (Sigma). The reactions were started by addition of 150 l of culture supernatant or 20 l of 10-folddiluted hemolymph (see above). In the case of Fua-blocked substrates, the decrease in absorbance at 324 nm was monitored until the end of the reaction. The catalytic activity (k obs ) was calculated by fitting the final portion of the curves (where the remaining substrate concentration was less than 1/10 the K m [ϳ40 M for Php-B] [20] ) to first-order kinetics by using the Origin 5.0 software (Microcal).
To determine the nature of Php-D activity, 50 l of the partially purified enzyme was incubated in 1.0 ml of assay buffer (see above) at room temperature for 10 to 15 min prior to measurement of the activity (before addition of the substrate) in the presence of one of the following substances at a concentration of 1.0 mM: EDTA, phenylmethylsulfonyl fluoride, 1,4-dithiothreitol, or Cys.
Isolation and N-terminal sequencing of proteases. Protease separation and sample preparation for N-terminal analysis were performed by using the Brecon/1 strain. Purification of Php-A will be reported elsewhere, while isolation and characterization of Php-B were carried out as described by Marokházi et al. (20) .
Php-C was partially purified from the supernatant of an 80-ml stationary-phase (40 h; optical density at 600 nm, ϳ8.0) Brecon/1 culture. Following centrifugation for 20 min at 39,000 ϫ g, the remaining cells were removed from the supernatant by filtration using a 0.2-m-pore-size membrane. The filtrate was dialyzed against 10 liters of 20 mM Tris buffer (pH 8.0) containing 50 mM NaCl and 10 mM CaCl 2 and then applied to a Matrex Silica PEI-300 anion-exchange column (16 by 60 mm; Amicon) equilibrated with the same buffer. Php-C (unlike the other three proteases) did not bind to the column under these conditions, so the flowthrough was collected, dialyzed against 10 liters of 20 mM Tris buffer (pH 8.0) containing 10 mM CaCl 2 (but not NaCl), and applied to a PEI-300 column, which was equilibrated with the same buffer. Bound proteins were eluted by using a 0 to 0.4 M NaCl gradient in the same buffer. The protein composition of the fractions was analyzed by SDS-PAGE, and the protein band corresponding to Php-C was identified by parallel zymography.
Php-D was separated during Php-B purification in a Sephadex G-100 gel filtration step (for details see reference 20) . Fractions with the highest Fua-ALVY-ase activity (at an elution volume of 120 to 140 ml from a column [100 cm by 16 mm]) were pooled and concentrated to a volume of 3 ml by using a Centricon concentrator (Millipore). The concentrate was purified further on a Hi-Prep 16/60 Sephacryl S-200 gel filtration column (Amersham Biosciences) and 20 mM Tris buffer (pH 8.0) containing 10 mM CaCl 2 (flow rate, 0.5 ml/min). SDS-PAGE analysis of the Fua-ALVY-ase activity-containing fractions showed the presence of a ϳ54-kDa protein band and a faint 55-kDa band (Php-A, as confirmed by zymography).
For N-terminal sequencing, samples of purified Php-A and Php-B, as well as partially purified Php-C and Php-D, were electrophoresed in 10% acrylamide-SDS gels under reducing conditions. After electrophoresis, the gels were soaked for 10 min in transfer buffer (10 mM 3-cyclohexylamino-1-propanesulfonic acid [pH 11; Sigma], 10% methanol) and then blotted onto an Immobilon-P polyvinylidene difluoride transfer membrane (Millipore) at 200 mA for 2 h. Proteins on the membrane were visualized by Coomassie blue staining. The bands corresponding to the proteases were cut out and subjected to Edman sequencing with a Microtec protein sequencer (Applied Biosystems). The proteins encoded in the genome of P. luminescens subsp. laumondii strain TT01, which had aminoterminal sequences similar to those of our proteins, were identified by using the FASTA algorithm at the website of the Pasteur Institute (http://genolist.pasteur .fra/PhotoList).
RESULTS
Gelatin liquefaction in agar plates. The gelatin liquefaction assay, a quick method for comparison of protease secretion, was performed with 20 strains of Photorhabdus in a semiquantitative manner (see Materials and Methods). Colonies of 16 strains exhibited gelatinase activity ( Table 2) . The difference between the strongest (Rh/2) and weakest (Wx6/1) activities was almost fourfold. With the exception of HSH-2/1, all of the primary-phase variants were active. Four of the secondaryphase variants, strains K122/2, HSH-2/2, Wx-6/2, and Hm/2, were inactive, while strains Hb/2, NC1/2, Rh/2, and Wx8/2 were as good protease (gelatinase) secretors as the primary-phase variants.
SDS-PAGE-and native PAGE-coupled zymography. Zymographic detection of proteases allows analysis of the number of activities after separation of proteins on the basis of their molecular properties. However, if the protein samples are electrophoresed in the presence of SDS (this assay has been used in previous analyses of Photorhabdus protease secretion), although the resolution is better, SDS-sensitive activities may be lost. In order to detect such activities, we employed zymography after native PAGE as well. Since the sensitivity of detection might also depend on the substrate, we tested fibrinogen and casein as potential substrate alternatives to gelatin. Based VOL. 70, 2004 PROTEOLYTIC ENZYMES OF PHOTORHABDUS 7313 on September 7, 2017 by guest http://aem.asm.org/ on both the intensity and the number of activity bands, the highest sensitivity in SDS-PAGE was observed with casein and fibrinogen, while gelatin proved to be the best substrate in native PAGE and permitted separation of high-and low-gelatin-affinity activities. The activities summarized in Table 2 were observed with substrates that proved to be the best ones for zymographic detection after the gel electrophoresis method used. The proteases were provisionally designated Php (for Photorhabdus protease) and were distinguished by letters and numbers according to the major activities and the putative molecular variants, respectively (e.g., Php-A1). The most prominent activity, which was observed after SDS-PAGE in almost every primary-phase variant and in most of the secondary-phase variant strains (Table 2) , was the activity of a ϳ55-kDa protease, Php-A (Fig. 1A) . Since this protease also proved to be a metalloenzyme (see below), we supposed that it was the same as the proteases that have been detected, cloned, purified, and partially characterized previously by other authors (see above). There were slight variations in the level of Php-A activity and the time of occurrence between strains and between growth conditions (data not shown). The activity appeared from h 12 to 24 of culture (mid-logarithmic to late logarithmic growth phase) in the case of the most intensive Php-A producers (Brecon/1 and NC1/2) ( Table 2 and Fig. 1A ) and remained detectable for the 44 h of culturing. With the striking exception of Hm/1, there were at least two activity bands in the molecular mass range from 50 to 55 kDa. The smaller species, which were thought to be the molecular variants of Php-A (see Discussion), were not present at the beginning of secretion (Fig. 1A) . In each case, two dominant forms, a larger ϳ55-kDa form (Php-A1) and a smaller 2-to 4-kDa form (Php-A2), could be distinguished. The ratio of these forms and the occurrence of other forms varied slightly for different cultures of the same strain, but the Php-A1 form was always the most abundant (or most active).
Another major activity, that from a ϳ37-kDa protease, referred to as Php-C, was also found with SDS-PAGE-coupled zymography in the cultures of strains Brecon/1 and K122/1 but not in the cultures of the other strains (Table 2 and Fig. 1A) . The detection of this activity was less sensitive if the gelatin substrate was used. Depending on the strain, it occurred from h 21 to 40 of culturing (in the late logarithmic and early stationary phases). In strain Brecon/1, Php-C also showed size variation and was resolved by SDS-PAGE as a larger (37-kDa) form and a fainter, smaller (35-kDa), and substantially more active (or abundant) form (Php-C1 and Php-C2, respectively). The zymographic detection of Php-A and Php-C was sensitive to EDTA, indicating that these enzymes are metalloproteases (data not shown).
Zymography following native PAGE also resulted in detection of two major proteolytic bands (Table 2 and Fig. 1B) ; the band that migrated more slowly was Php-A, and the band that migrated faster was Php-C, as confirmed by zymography of the isolated enzymes (data not shown). Compared to SDS-PAGE, native PAGE revealed three additional features of Php-A and Php-C. (i) Php-A, but not Php-C, had a strong affinity for gelatin; it bound to this zymographic substrate even during electrophoresis. This was evident from the correlation between 
a The identities of the strains are shown in Table 1 . b ϩ, clearing zone visible; Ϫ, clearing zone not visible. c Intensity of the highest activity: Ϫ, not detectable; (Ϯ), very weak; (ϩ), weak; ϩ, well easily detectable; ϩϩ, strong. The times of first detection are indicated in parentheses, as follows: ml, mid-logarithmic phase (optical density at 600 nm between 1.0 and 4.8; h 12 to 21); ll, late logarithmic phase (optical density at 600 nm between 4.8 and 5.3; h 21 to 40); s, early stationary phase (optical density at 600 nm between 5.3 and 6.6; h 40 to 50).
d The values were determined in supernatants having optical densities at 600 nm between 4.9 and 8.1 (43-h cultures). k obs is the first-order rate constant and is expressed in seconds Ϫ1 (see Materials and Methods).
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on September 7, 2017 by guest http://aem.asm.org/ band intensities and migration distances in the case of Php-A but not in the case of Php-C (see the zymography of Brecon/1 samples in Fig. 1B) . Furthermore, if casein was used as the substrate, only one broad proteolytic band was observed, which migrated much faster than Php-A in a gelatin-containing gel and presumably contained both Php-A and Php-C (data not shown).
(ii) Php-C appeared to be more sensitive to SDS than Php-A; in numerous cases the (weaker) activities of Php-C were detected only by native PAGE-coupled zymography. For example, this activity was found earlier and in more strains with this method than with SDS-PAGE-coupled zymography (Fig. 1A and B and Table 2 ). (iii) Not only Brecon/1 (see above) but also a number of other strains produced two molecular forms, Php-C1 and Php-C2 ( Table 2 ). The observation that both Php-A and Php-C activities remain detectable after nonreducing SDS-PAGE, which is known to destroy (noncovalent) molecular complexes, is not consistent with the interpretation that the supernatants of some cultures lack protease activity because the enzyme molecules are locked in inhibitor complexes. Furthermore, Php-A or Php-C activities were detected after SDS-PAGE only if they were detected after native PAGE too. Therefore, these activities might be missing from the culture supernatants of some strains because the genes of these proteases are not expressed or (less likely) because the expressed proteins cannot be secreted. To check these possibilities, we used zymography coupled to SDS-PAGE to compare the culture supernatants and cytoplasm fractions (cell lysates) of 24-h cultures of the Hm/1, Hm/2, K122/1, K122/2, and Brecon/1 strains. In support of the first alternative, no proteolytic activity was detected in the cytoplasm fraction in either case (data not shown). However, some of the differences in the Php-A activity could be attrib-FIG. 1. Detection of proteolytic activity in culture supernatants. Protease activity was analyzed in representative experiments by SDS-PAGEcoupled zymography (with casein as the substrate) (A), by native PAGE-coupled zymography (with gelatin as the substrate) (B), and with the chromogen substrate (Fua-LGPA-ase activity of the Brecon/1 strain) (C). In panels A and B, the samples analyzed were the same. The strain designations and culture times (in hours) are indicated above the gels. Note that both the Php-A and Php-C bands are fainter and expressed later in the K122/1 culture than in the Brecon/1 culture. (C) Symbols: OE, optical density of the culture at 600 nm (OD 600 ); F, enzyme activity (k obs ). For the method used to determine k obs , see Materials and Methods.
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uted to the presence of an inhibitor(s), as suggested previously (6) . For example, according to SDS-PAGE-coupled zymography there was a decrease in Php-A activity between h 21 and 40 of incubation in the supernatant of the K122 culture, while according to native PAGE-coupled zymography there was an increase (Fig. 1A and B) . Since the latter detection method can be influenced by the presence of an inhibitor(s), one explanation for the discrepancy might be a faster decrease in the amount of inhibitor(s) (resulting in an increase in activity after native PAGE) than in the amount of Php-A (resulting in a decrease in activity after SDS-PAGE). The comparison of supernatants and cytoplasm fractions also proved that both Php-A and Php-C are secreted enzymes. Activity measurements with chromogen oligopeptide substrates. The advantages of analyzing protease production by hydrolysis of synthetic substrates include the quantitative determination and the typification of activities if the cross-reactivity between substrates is limited (e.g., if the hydrolysis of the nonspecific substrate is less than 0.1% of the hydrolysis of the specific substrate).
Two substrates in our study, succinyl Ala-Ala-Pro-Phe-thiobenzyl and Z-Lys-thiobenzyl (specific for chymotrypsin-and trypsin-like proteases, respectively), belong to the group of substrates which are cleaved best by proteases with primary preferences for the amino acids that are N terminal to the scissile bond (e.g., serine proteases). Hydrolysis of the thioester bonds, which are C terminal to Phe or Lys in these substrates, releases a thiobenzyl group, which allows very sensitive detection of protease activity through a coupled reaction with 4,4Ј-dithiodipyridine. Within 48 h of culturing, no activity was found with these substrates.
Two other substrates, Fua-Leu-Gly-Pro-Ala and Fua-AlaLeu-Val-Tyr, represented the group of substrates which are used to measure the activity of proteases that have primary preferences for amino acids that are C terminal to the scissile bond (e.g., collagenolytic enzymes and peptidases). Hydrolysis of these substrates at the Leu-Gly and Ala-Leu bonds causes a shift in the absorption spectrum of the Fua chromophore group (29) . All 20 strains tested exhibited Fua-LGPA-ase activity, which was first detected usually in the late logarithmic and early stationary growth phases (Table 2) . Later in the stationary phase (40 to 50 h, depending on the strain) the production of activity did not increase further (Fig. 1C) . The 10-to 50-fold variation in the Fua-LGPA-ase activity of 43-h culture supernatants (Table 2 ) might be partially attributed to differences in cell density. The Fua-LGPA-ase enzyme, designated Php-B, was purified and proved to be a ϳ74-kDa intracellular metalloenzyme (20) , which could not be detected by either SDS-PAGE-or native PAGE-coupled zymography.
Cleavage of the Fua-Ala-Leu-Val-Tyr substrate was observed only in the culture supernatant of the Brecon/1 strain. Although this observation in itself indicates that the Fua-AlaLeu-Val-Tyr-ase enzyme is different from the other three enzymes, to obtain more evidence, the culture supernatant was subjected to a rough separation procedure (see Materials and Methods). The activity seemed to copurify with a ϳ54-kDa protein band in reducing SDS-PAGE. The Fua-Ala-Leu-ValTyr-ase-enriched fractions from gel filtration chromatography did not contain activity that cleaved Fua-Leu-Gly-Pro-Ala. Furthermore, the Fua-Ala-Leu-Val-Tyr-ase activity was not sensitive to a metal ion chelator (EDTA) or to a serine protease inhibitor (phenylmethylsulfonyl fluoride), but it could be completely inhibited by a disulfide reagent (1,4-dithiothreitol) and could be partially inactivated by cysteine (Table 3) . Therefore, this activity cannot be the activity of Php-A, Php-B, or Php-C but is the activity of a fourth enzyme, designated Php-D. The activity of Php-D was detectable in the culture supernatant but not in the cell lysate. Due to the presence of Php-A activity in the Php-D-containing fractions (see below), we could not decide if Php-D is detectable by zymography. The isolated activity proved to be quite unstable, disappearing from the Php-D-containing fraction within several weeks during storage (data not shown).
Proteolytic activity during infection. In order to investigate the presence of protease activities during infection, hemolymph samples were taken from strain Brecon/1-infected G. mellonella larvae for analysis by zymography (detection of Php-A and Php-C) and for testing the Fua-Leu-Gly-Pro-Alaase activity (Php-B) . The Php-B activity was measurable from the ϳ33rd hour of infection, when larvae were motionless but still alive (Fig. 2C) . The activities of both Php-A and Php-C in the hemolymph were observed 20 to 40 h postinfection ( Fig.  2A and B) . Since 25 to 40 h after infection hemolymph cannot be separated from the disintegrating tissue debris, contamination of samples with proteases from Galleria might be expected, which could interfere with the detection of activities from Photorhabdus. To check the presence of such activities, wholebody homogenates prepared from both infected and uninfected larvae were also analyzed along with hemolymph samples ( Fig. 2A and B) . The proteolytic activities of Galleria homogenates were much stronger when SDS-PAGE-coupled zymography was used than when native PAGE-coupled zymography was used. These activities, however, did not influence the detection of Php-A and Php-C activities, because by the time that they occurred in the hemolymph, the proteolytic activities from Galleria were significantly reduced.
With regard to the substantial differences between the Photorhabdus strains in both the composition and the intensity of protease secretion, we were interested to see whether there was any correlation between these differences and the pathogenicity of strains. This question has implications for the role of proteases in the establishment of the infection. Therefore, we conducted infection experiments with several strains that had markedly different levels of Php-A, Php-C, and Php-D production (Brecon, NC1/1, NC1/2, Hm/1, Hm/2, K122/1, and K122/2). Thirty to 60 bacterial cells were injected into the hemocoel of G. mellonella larvae, and the time of the death of each animal was recorded (Fig. 3) . The average survival, which was used as an approximate indicator of pathogenicity, showed that secondary variants were always more pathogenic (causing death 1 to 6 h earlier), although the difference was not statistically significant in the case of K122/1 and K122/2. The maximal difference between the strains in average survival times of larvae was 10 h (21.8 h for Hm/2 and 31.9 h for Brecon/1). Since the most pathogenic strain, strain Hm/2, did not secrete Php-A, Php-C, and Php-D, whereas the least pathogenic strains, strains Brecon/1 and NC1/1, were intensive secretors of these activities, it appears unlikely that pathogenicity (for G. mellonella) is dependent on secretion of these enzymes. Determination of the N-terminal sequence of Php-A, Php-B, and Php-C. We prepared Php-A, Php-B, and Php-C samples for N-terminal sequencing from a Brecon/1 culture by blotting the partially purified protein on a polyvinylidene difluoride membrane after SDS-PAGE (see Materials and Methods).
FIG. 2.
Detection of proteolytic activity during infection of G. mellonella larvae with the Brecon/1 strain. Protease activity in the hemolymph of infected larvae and in larva homogenates was analyzed by SDS-PAGE-coupled zymography (A), by native PAGE-coupled zymography (B), and by chromogen substrate hydrolysis (Fua-LGPA-ase activity) in hemolymph samples (C). In panels A and B, the same samples were analyzed, and the lanes in each panel represent samples from different larvae. The type of sample (cell culture supernatant, hemolymph, or body homogenate) and the time that the sample was taken (in hours postinfection) are indicated above the panels. In panel C, the activities in 1.0-l hemolymph samples are plotted as a function of infection time. For the method used to determine k obs , see Materials and Methods.
FIG. 3. Pathogenicity of several selected
Photorhabdus strains for G. mellonella larvae. The results of three replicate experiments were combined for each strain, since there was no significant difference among the replicates (P Ͼ 0.05, as determined by a t test). The differences between the strains were significant (P Ͻ 0.05, as determined by a t test) except for the difference between K122/1 and K122/2.
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After sequencing, we identified the enzymes by sequence comparison, taking advantage of the previously published genomic sequence of P. luminescens subsp. laumondii TT01 (12) . Figure  4 shows the sequences of Php-A, Php-B, and Php-C aligned with similar sequences encoded in the TT01 genome and with some other related sequences from several microorganisms. Unfortunately, due to the relatively small amount and the instability of Php-D and to the molecular properties that were very similar to those of Php-A, we could not prepare a Php-D sample which was sufficiently devoid of Php-A. This fact and the probably blocked N terminus made it impossible to determine the N-terminal sequence of Php-D.
DISCUSSION
In this study, the production of proteolytic activity by members of the nematode symbiont insect-pathogenic bacterial genus Photorhabdus was examined in 20 strains, including eight phase variant pairs, in culture and in seven strains during infection of G. mellonella larvae.
By using a combination of several detection methods, four major activities were found by the early stationary phase of growth in cultures, and these activities were provisionally designated Php-A, Php-B, Php-C, and Php-D. Php-A and Php-C, but not Php-B, could be detected with zymography following both native PAGE and SDS-PAGE with using gelatin, casein, or fibrinogen as the substrate. As judged from their sensitivities to EDTA, all of the activities except the Php-D activity are from metalloenzymes. When they were tested in G. mellonella larvae the activities of Php-A, Php-B, and Php-C were detectable.
The enzyme responsible for the most prominent zymographic activity, which was also the enzyme that was secreted earliest in culture, was Php-A. On the basis of its properties (namely, its sensitivity to EDTA and its molecular mass [ϳ55 kDa]), Php-A is the same enzyme as PrtA, which has been cloned from the K122 and W14 strains (5, 6) , and the proteases that have previously been zymographically detected and partially characterized from the Hm and HP88 strains (23, 25, 32) . The strong similarity of the N-terminal sequence of Php-A, purified from the Brecon/1 strain, to the PrtA sequences of TT01 (12), K122, and W14 (Fig. 4 ) also shows that Php-A is a Brecon/1 ortholog of PrtA, a metzincin metallopeptidase in HEXXHϩH clan MB (24) .
The molecular and enzymatic properties of Php-C, which is also a secreted enzyme, are distinct from those of Php-A (PrtA), because the two enzymes differ in their molecular masses and N-terminal sequences and because Php-C has a higher sensitivity for SDS and a lower affinity for gelatin. Based on N-terminal amino acid sequence similarity, Php-C is a Brecon/1 strain ortholog of the protein encoded by the plu1382 gene of TT01 (12) , which indicates that it, in accordance with our findings, is a metalloenzyme that belongs to HEXXHϩE clan MA of metallopeptidases (24) .
Php-B, the third metalloenzyme that we found, is an intracellular peptidase (20) which, based on the N-terminal sequence similarity with the plu0124 gene-encoded protein of TT01 (12) (Fig. 4) , is the Brecon/1 ortholog of OpdA (oli- on September 7, 2017 by guest http://aem.asm.org/ gopeptidase A) and belongs to the HEXXH thimet family of metallopeptidases (24) . Our enzymatic analysis of Php-B (OpdA) (20) showed that it is a collagen peptidase because it exhibited the highest activity with the small peptides (e.g., Fua-Leu-Gly-Pro-Ala) that contain the collagen repeat sequence -Pro-Xaa-Gly-Pro-(where Xaa is almost any amino acid). Studies of enzymes from Salmonella enterica serovar Typhimurium and Escherichia coli indicated a physiological role for OpdA in the degradation of cleaved signal peptides (8, 9, 22, 30) . Previous results (20) suggest that this enzyme might also have a nutritional role in pathogenic microorganisms by degrading short peptides from the proteins of infected hosts. Although sequence information is not available for Php-D, which is also a secreted protease of the Brecon/1 strain, the fact that it is not a metalloenzyme but is a thiol-dependent protease distinguishes it from the other three peptidases. Furthermore, Php-D, but not the other three enzymes, cleaves the Fua-Ala-Leu-Val-Tyr peptide.
The zymographic activities of Php-A (PrtA) and Php-C were often found as two to five seemingly associated bands, which we distinguished by numbers (Php-A1 and Php-C1 referred to the species that migrated most slowly). The activities that migrated faster (the most prominent of which were Php-A2 and Php-C2) were thought to be derived from the activities that migrated most slowly. For example, Php-A2, which appeared 5 to 10 h later than Php-A1, could be a variant form expressed from a second copy of the gene encoding Php-A (PrtA) or by (auto)proteolytic processing. Our observation that Php-A2 (among other Php-A variants) began to form in the solution of purified Php-A1 after 6 to 8 months of storage (J. Marokházi and I. Venekei, unpublished data) supports the second alternative.
The congruence of the results obtained by zymography and Frazier's gelatin hydrolysis assay on plates shows that the latter method detects primarily the activity of Php-A (PrtA). It is surprising that, despite the very sensitive substrates that were used, we were unable to detect serine protease secretion. This is at variance with a previous observation that a 56-kDa protease of the HP88 strain was active on such a substrate (32) . The difference in culture time might be an explanation for this discrepancy; we tested protease activity in 12-to 44-h cultures, while the 56-kDa enzyme was isolated from a 7-day culture. Another difference between our findings and previous reports is that we detected more than one activity by SDS-PAGEcoupled zymography. Again, the different culture time might be a reason; an alternative explanation is that the sample preparation was dissimilar, since unlike other workers, we did not precipitate the culture supernatant or hemolymph samples before addition to gel loading buffer. This could have resulted in substantially higher sensitivity for our procedure, which also permitted observation of Php-C and earlier detection of Php-A (PrtA) in culture supernatant and during infection. (The reduction of the samples, another difference in the sample treatments, did not influence the sensitivity for Php-A and Php-C [data not shown].)
Php-B (OpdA) was produced by all strains (although at slightly different levels). Php-D production, in contrast, seems to be the property of only the Brecon strain. Php-A (PrtA) and Php-C production exhibited substantial and seemingly strainspecific differences; the findings ranged from a strain (HSH-2) that did not produce these activities to a strain (NC1) that intensively produced Php-A and Php-C in both phase variants ( Table 2 ). The slight variations between strains in both the intensity and the timing of protease production might be attributed to culture conditions (e.g., the cell density or the age of the inocula). However, this cannot be the explanation for larger differences or the absence or presence of activity. The formation of an enzyme-inhibitor complex (e.g., between PrtA and the Inh protein of strain W14 [28, 32] ) has been proposed as a potential cause of the reduced protease activity of some Photorhabdus strains or secondary-phase variants. While this might be the interpretation for differences between measured enzyme activities and between the results of native PAGEcoupled zymography and the results of SDS-PAGE-coupled zymography (see Results), it cannot be used for differences between zymographic activities observed after SDS-PAGE because the presence of SDS during gel electrophoresis disrupts (noncovalent) complexes and the inhibitor is well separated from the enzyme by the time of zymogram development. Therefore, despite the essentially qualitative nature of enzymographic techniques, not only the complete absence but also the differences in the intensities of proteolytic bands can be interpreted as due to different levels of secretion. Since in none of the strains tested that did not produce Php-A and Php-C was there any indication of nonfunctioning secretion (i.e., accumulation of activities in the cytosol), it is reasonable to believe that these activities are absent because of missing or inactive genes. However, another possibility, the accumulation of Php-A and Php-C in the cytosol of nonsecreting strains in an inactive (zymogen) form due to different posttranslational regulation (31) , cannot be excluded either. A genome analysis could clarify this question.
In previous studies, the secondary-phase variants of several strains of Photorhabdus were found to secrete protease activity (see Introduction), which is not consistent with the generally accepted assumption that missing or reduced protease secretion is a feature of secondary-phase variants (17) . Our comparison of eight phase variant pairs of Photorhabdus by using the gelatin liquefaction assay and zymography showed that during the first 48 h of culturing, the lack of or the lower level of secretion of Php-A (PrtA) and Php-C was specific to the secondary-phase variants for only three strains (Hm, K122, and Wx6). Based on these results, the use of proteolytic enzyme secretion for characterization of phase variants of Photorhabdus is not reasonable.
Finally, an interesting question is the physiological role that proteases may play. An answer would require enzyme purification, enzymatic characterization, and identification of the possible natural substrates. Due probably to a milder sample preparation procedure, we found the activities of PrtA (Php-A) and Php-C earlier (well before insect death) than other authors found these activities (during or after insect death). However, as far as the injection of Photorhabdus cells into the hemocoel of Galleria is a relevant model for infection of natural insect hosts via nematodes, our finding that there was no correlation between the production of Php-A and Php-C and the pathogenicity of strains indicates that these proteases are not immediately involved in the establishment of infection. 
